Abstract Although the vast majority of genomic DNA is tightly compacted during mitosis, the promoter regions of a number of genes remain in a less compacted state throughout this stage of the cell cycle. The decreased compaction of these promoter regions, which is referred to as gene bookmarking, is thought to be important for the ability of cells to express these genes during the following interphase. Previously, we reported a role for the DNA-binding protein heat shock factor (HSF2) in bookmarking the stress-inducible 70 000-Da heat shock protein (hsp70) gene. In this report, we have extended those studies and found that during mitosis, HSF2 is bound to the HSE promoter elements of other heat shock genes, including hsp90 and hsp27, as well as the proto-oncogene c-fos. The presence of HSF2 is important for expression of these genes because blocking HSF2 levels by RNA interference techniques leads to decreased levels of these proteins. These results suggest that HSF2 is important for constitutive as well as stressinducible expression of HSE-containing genes.
INTRODUCTION
During mitosis, transcription ceases, most sequence-specific DNA-binding proteins are displaced, and chromatin undergoes condensation (Martinez-Balbas et al 1995; Segil et al 1996) . However, the promoters of a number of genes, including those of the inducible form of the 70 000-Da heat shock protein (hsp70i) and c-myc genes, are not tightly compacted in mitotic cells and remain accessible (Martinez-Balbas et al 1995; Michelotti et al 1997; John and Workman 1998; Christova and Oelgeschlager 2002) . This lack of compaction of promoter regions in mitotic cells is referred to as ''bookmarking'' because it is believed to function to permit genes that existed in a transcription-competent state before entry into mitosis to be maintained in a form that can be rapidly reassembled into the active state in G1, akin to the way a bookmark holds a page in a book. A previous study from our laboratory showed that the DNA-binding protein heat shock factor 2 (HSF2) mediates bookmarking of the stress-inducible hsp70 gene by binding to heat shock elements (HSEs) in its promoter in mitotic cells and recruiting the Correspondence to: Kevin D. Sarge, E-mail: kdsarge@uky.edu. Received 9 November 2006; Revised 19 April 2007; Accepted 23 April 2007. phosphatase PP2A to dephosphorylate nearby condensin complexes, thereby preventing compaction of this region of chromosomal DNA (Xing et al 2005) . This work also indicated that sumoylation of the HSF2 protein is higher in mitotic cells compared with asynchronous cells and is important for the ability of HSF2 to interact with the CAP-G subunit of condensin, suggesting that this modification could be a regulator of the HSF2 bookmarking function. The results also showed that HSF2-mediated bookmarking is important for the ability of G1 cells to induce Hsp70 expression in response to stress (Xing et al 2005) .
Hsp70 is the best characterized stress-responsive gene with enhanced expression because of 2 HSEs, with most stress-induced expression attributed to the more proximal HSE (Wu et al 1986; Abravaya et al 1991) . However, as illustrated in Figure 1 , the promoters of a number of other genes also contain HSEs, including those of the important cellular proteins Hsp27, Hsp90, and c-Fos (Hickey et al 1986; Ishikawa et al 1999; Zhang et al 1999) . All 3 proteins are responsive to various stresses and protect cells during times of cellular challenge (Wisdom 1999; Jochum et al 2001) . However, Hsp90, Hsp27, and c-Fos are also constitutively expressed and have very important functions in cells in the absence of stress (Concannon et al 2003) . For example, the HSP90 family of ATP-dependent chaperones is highly abundant, comprising 1-2% of the protein content in the cytoplasm, and is crucial for the viability of eukaryotic cells (reviewed in Csermely et al 1998) . Hsp90 interacts with many different proteins involved in signaling pathways, including steroid receptors, wherein it functions in receptor regulation and likely receptor turnover and trafficking (Pratt and Toft 1997) . Hsp70 is important for the ability of Hsp90 to bind to the hormone binding domain of the glucocorticoid receptor (Hutchison et al 1994) . Hsp90 is also important for the correct folding and activity of several protein kinases (Csermely et al 1998) . Indeed, reduction in levels of Hsp90 leads to low levels of cyclin-dependent kinase Cdc2 and pololike kinase 1 (Plk1) as well as cell cycle arrest mainly at G2 phase following thermal stress (Zou et al 1998; de Carcer 2004) . The binding of Hsp90 to HSF1 is thought to keep this stress-responsive transcription factor in a repressed and transcriptionally inactive form (Nakai and Ishikawa 2001) .
The molecular chaperone Hsp27 interacts with numerous proteins and is involved in regulation of apoptosis in addition to a number of other important cellular processes (reviewed in Ciocca et al 1993) . Mutations in Hsp27 have been linked to various diseases, including CharcotMarie-Tooth disease and distal hereditary motor neuropathy (Evgrafov et al 2004) . High levels of Hsp27 are found in estrogen target organs of the reproductive tract (Ciocca et al 1982 (Ciocca et al , 1983 . Overexpression of hsp27 has been reported recently in many kinds of tumorigenic tissues and found to be associated with poor prognosis of astrocytic brain tumor, breast cancer, malignant fibrous histiocytoma, ovarian carcinoma, osteosarcoma, and hepatocellular carcinoma, although the reason for such high levels is not entirely understood (Ciocca et al 1983; Ciocca and Calderwood 2005) . Hsp27 has been linked to chemotherapeutic drug resistance (Huot et al 1991) and also appears to function to inhibit apoptosis in cancer cells (Garrido et al 2003; Heijst et al 2005) .
The c-fos gene is a member of the FOS family of transcription factors that heterodimerizes with Jun proteins to form the AP-1 (activating protein 1) transcription factor complex. c-Fos is often overexpressed in tumor cells and has oncogenic activity (Schutte et al 1989) . Expression of the c-fos gene is enhanced in response to heat, arsenite, and cadmium (Ishikawa et al 1999) . AP-1 is involved in regulating genes that are important for a variety of processes, including cell proliferation (Shaulian and Karin 2002) . Constitutive activation of AP-1 complex through unregulated c-Fos or c-Jun expression can lead to abnormal cell proliferation and cell transformation (Karin 1995; Karin et al 1997) .
In light of the crucial biological functions of Hsp27, Hsp90, and c-Fos, it is important to understand the mechanisms that control the expression of these genes during mitosis. The presence of HSEs in the promoters of all 3 of these genes prompted the question of whether they, like the hsp70i promoter (Xing et al 2005) , are bound by HSF2 during mitosis and, if so, whether this binding is important for their expression. The results of this study reveal that HSF2 does bind to the promoters of these genes and is important for the normal level of constitutive expression of these genes. These findings suggest that HSF2 functions as a bookmarking factor for multiple HSE-containing promoters and that it is important not only for stress-induced expression of the hsp70i gene (Xing et al 2005) but also for constitutive expression of the HSE-containing promoters of the hsp90, hsp27, and c-fos genes.
MATERIALS AND METHODS

Materials
Primers were purchased from Integrated DNA Technologies (Coralville, IA, USA). The HSF2 polyclonal antibod-ies have been described previously (Sarge et al 1993) . The secondary antibody, ␣-IgG-HRP (␣-immunoglobulinhorseradish peroxidase), was obtained from an enhanced chemiluminescence (ECL) kit (Amersham Life Science Inc, Arlington Heights, IL, USA). Hsp90 and Hsp27 polyclonal antibodies were purchased from StressGen (Ann Arbor, MI, USA), and the c-Fos antibodies were obtained from Upstate (Charlottesville, VA, USA).
Cell culture
Jurkat cells were grown in RPMI supplemented with 10% fetal calf serum (FCS) and 50 g/mL gentamicin in a spinner flask at 37ЊC under 5% CO 2 . The HeLa cell line (American Type Culture Collection [ATCC, Manassas, VA, USA]) was cultured at 37ЊC with 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FCS, 2 mM L-glutamine, 4.5 g/L glucose, and 50 g/mL gentamicin. Mitotic populations of Jurkat cells were obtained by treating cells with Nocodazole at a final concentration of 200 ng/mL for 16 hours, which yields mitotic indices of at least 90%.
Chromatin immunoprecipitations
Chromatin immunoprecipitations (ChIPs) were performed according to established protocols in our laboratory (Xing et al 2005) with the following exceptions. Precleared chromatin was incubated with 5 L rabbit polyclonal HSF2 antisera or 5 g control rabbit IgG and rotated at 4ЊC for 16 hours. DNA was purified with the use of a QIAquick PCR Purification Kit (Qiagen Inc, Valencia, CA, USA) and eluted in 50 L of H 2 O (pH 7.5). Aliquots of 2 L immunoprecipitated DNAs, as well as input samples obtained before immunoprecipitation, were analyzed by polymerase chain reaction (PCR). Amplification conditions were optimized for each set of oligonucleotides. The following primer pairs were used for PCR.
Small interfering RNA HSF2 small interfering RNA (siRNA) was made as previously described (Xing et al 2005) . HeLa cells (ATCC) were transfected with 2.5 g of HSF2 siRNA for 48 hours by Genesilencer transfection reagent (Gene Therapy Systems, San Diego, CA, USA). Cells extracts were prepared with Buffer C (20 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM ethylenediaminetetraacetic acid, 0.5 mM phenylmethanesulphonylfluoride, 0.5 mM dithiothreitol). Five micrograms of extract was resolved on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to nitrocellulose according to standard protocol. The membrane was blocked with 5% nonfat dry milk (NFDM), blotted for HSF2 (1: 5000), HSF1 (1:5000), Hsp27 (1:5000), Hsp90 (1:5000), cFos (1:100), and actin (1:10 000) diluted in NFDM. Membranes were incubated with SuperSignal West Pico or Femto ECL reagent (Pierce Biotechnology Inc, Rockford, IL, USA), and bands were visualized by autoradiography.
RESULTS
HSF2 binds hsp27 and hsp90 gene promoters during mitosis
Previous work from our laboratory showed that the DNAbinding protein HSF2 binds to HSEs in the promoter of the hsp70i gene during mitosis and plays a key role in preventing compaction of this region during this stage of the cell cycle, a phenomenon referred to as bookmarking (Xing et al 2005) . However, the promoters of other genes, some of which are members of the heat shock protein gene family, including the hsp90 and hsp27 genes, also contain HSEs. The locations of the HSEs in these promoters are shown in Figure 1 . This prompted the questions of whether HSF2 might also be binding to the promoters of these other genes during mitosis and, if so, whether this HSF2 function also plays some role in modulating expression of these genes as it does for the hsp70i gene.
To address the first question, we performed ChIP analysis on asynchronous and mitotic (nocodazole-blocked) populations of Jurkat cells with the use of either HSF2 antibodies or species-matched nonspecific IgG (as negative control), followed by PCR analysis of the immunoprecipitated DNA fragments with primers that amplify the promoter regions of the hsp90 and hsp27 genes. Analysis of HSF2 binding to the hsp70i gene promoter was included in this experiment as a positive control. The results of this experiment, shown in Figure 2A , indicate that HSF2 does bind to the promoter regions of the hsp27 and hsp90 genes, with consistently more binding observed in mitotic cells than asynchronous cells. The weaker intensity of the binding signals for the asynchronous cell sample presumably reflects the population of mitotic cells within the asynchronous cell sample. The results in Figure 2A also show that HSF2 does not appear to bind to the promoters of a number of genes that lack HSE promoter elements, including the histone H2B and dihydrofolate reductase genes (H2B and DHFR, respectively), indicating the specificity of the interactions between HSF2 and the hsp90 and hsp27 promoter regions. The specificity of the HSF2 antibodies used in this assay is supported by the lack of PCR product observed when rabbit IgG was used to immunoprecipitate the cross-linked complexes. The input lanes show similar loading and PCR amplification for the different samples.
To further support our finding that HSF2 binding increases in mitotic cells, the binding of RNA polymerase II (Pol II) to the promoters of hsp70, hsp90, and c-fos was analyzed via ChIP assays in asynchronous and mitotic cells. Most factors are displaced from DNA as cells pro- ceed into mitosis, and consistent with this, we found that the binding of RNA Pol II to the promoters of hsp70, hsp90, and c-fos is decreased in mitotic cells (Fig 2B) . Interestingly, we found that RNA polymerase II bound to the hsp27 promoter consistently between mitotic and asynchronous populations of cells (data not shown).
hsp27 and hsp90 expression is decreased by HSF2 RNA interference
On the basis of our findings shown above that HSF2 binds to the promoters of the hsp27 and hsp90 genes during mitosis, and our previous finding that HSF2 is important for the ability of cells to express the hsp70i gene (Xing et al 2005) , we hypothesized that HSF2 could also be important for expression of these genes. To test this, we reduced cellular HSF2 protein levels by treating an asynchronous population of HeLa cells with HSF2-specific siRNA or scrambled siRNA and determined the effect of this treatment on Hsp27 and Hsp90 protein levels by Western blot analysis (Fig 3) . We first assayed the effect of treating HeLa cells with HSF2-specific siRNA or scrambled siRNA on HSF2 and HSF1 levels to confirm that HSF2 levels were specifically reduced (Fig 3A) . The results showed that HSF2 was significantly reduced in HSF2 siRNA-transfected cells, but not in cells transfected with the negative control with scrambled siRNA. The protein level of HSF1 was not affected by HSF2-specific siRNA treatment, indicating the specificity of the HSF2 siRNA. We next analyzed the levels of the Hsp27 and Hsp90 proteins in the HSF2-siRNA-and scrambled si-RNA-treated HeLa cells and found that the levels of both of these proteins was reproducibly decreased while the level of the control protein ␤-actin remained constant. The results of this experiment suggest that HSF2 is important for normal levels of constitutive expression of the hsp90 and hsp27 genes.
In vivo interactions between HSF2 and c-fos
A number of genes that are not members of the Hsp gene family also have functional HSEs within their promoters. One of these genes is the important proto-oncogene c-fos. Proper regulation of expression of the c-fos gene is crucial for a number of important cellular processes including proliferation; thus, the presence of an HSE in the promoter of this gene prompted us to test whether HSF2 binds the c-fos promoter region in mitotic cells and, if so, whether HSF2 is important for expression of this gene.
As shown in Figure 4A , the results of ChIP assay experiments indicate that HSF2 does interact with the c-fos promoter and that, similar to the results for the hsp90 and hsp27 promoters (Fig 2) , or previously for the hsp70i promoter (Xing et al 2005) , more HSF2 binding to the c-fos promoter was observed in mitotic cells than asynchronous cells. As in Figure 2 , rabbit IgG was used as a control to show the specificity and analysis of input DNAs to control for loading and PCR amplification. The non-HSE-containing histone H4 promoter (H4) was used as a negative control in this experiment.
In light of our results showing the importance of HSF2 for expression of the hsp70i gene (Xing et al 2005) and the hsp90 and hsp27 genes (Fig 3) , this result showing binding of HSF2 to the c-fos promoter in mitotic cells suggested that HSF2 might also be important for expression of the c-Fos protein. To test this, extracts of asynchronous HeLa cells transfected with the HSF2 siRNA or scrambled siRNA were subjected to Western blot with the use of c-Fos antibodies (Fig 4B) . c-Fos can exist in both phosphorylated and unphosphorylated forms, which previous studies indicated are detected on SDS-PAGE as multiple bands between 47 and 70 kDa (Tratner et al 1990; Kovary and Bravo 1991) . We found that the HSF2 siRNA treatment reproducibly reduced the levels of c-Fos proteins compared with that observed for extracts of cells treated with the scrambled siRNA negative control. These results suggest that HSF2 is important for normal levels of c-Fos expression in cells.
DISCUSSION
Our previous data showed that HSF2 binds to the promoter of the hsp70i gene in mitotic cells and that HSF2 function is important for the ability of cells in G1 to express the hsp70i gene in response to stress (Xing et al 2005) . The results presented in this paper now provide 2 new insights into the activity and functions of HSF2.
First, these results reveal that the binding of HSF2 to HSE promoter elements during mitosis is not exclusive to those in the hsp70i promoter. Our results indicate that during mitosis, HSF2 binds to other promoters that contain HSEs, including the promoters of such genes as hsp90, hsp27, and c-fos. In future studies this list could continue to grow because a number of other promoters have been shown to be bound by HSF2 (Trinklein et al 2004) . We also show that the increased binding of HSF2 during mitosis is specific because RNA Pol II is displaced from the promoters of hsp70, hsp90, and c-fos in mitotic cells. Second, the results described in this paper also suggest that HSF2 binding to HSE-containing promoters is not only important for stress-inducible expression of genes, as was found to be the case for the hsp70i gene, but is also important for normal levels of constitutive expression of HSE-containing genes as well, in this case the hsp90, hsp27, and c-fos genes. This finding is consistent with the hypothesis that the function of HSF2-mediated bookmarking is to help maintain the promoters it binds during mitosis in a state that can be readily reassembled into transcription complexes in G1 so that transcription of these genes can begin again in G1 as soon as possible (Sarge and Park-Sarge 2005) . If HSF2 is not present, this would result in a delay in the beginning of expression of these genes until they can become decompacted, resulting in lower total levels of these gene products, which is what we observe. We cannot completely rule out other possible contributions of other HSF2 functions to the expression of these genes or that HSF2 might contribute to some extent at other parts of the cell cycle, but we think our interpretation above is the one best supported by our data.
As detailed above in the introduction, hsp90, hsp27, and c-fos are all important for the ability of cells to proliferate. Thus, the results indicating the importance of HSF2 for normal levels of expression of these 3 genes could provide a potential explanation, at least in part, for the previously observed relationship between HSF2 and cell proliferation. This previous study found that embryonic fibroblasts from HSF2Ϫ/Ϫ mice proliferate significantly more slowly than embryonic fibroblast cells from HSF2ϩ/ϩ mice, but the mechanism by which the loss of HSF2 gave rise to these effects was not clear (Paslaru et al 2003) . The decreased levels of Hsp90, Hsp27, c-Fos, or a combination of these proteins could also contribute to the elevated stress-induced killing previously observed in cells in which HSF2 levels had been decreased by RNA interference (RNAi) (Xing et al 2005) .
We are aware that previous analyses of the HSF2Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) did not find a significant reduction in Hsp27 in these cells relative to HSF2ϩ/ϩ MEFs (Paslaru et al 2003) , which we corroborated in experiments in our own laboratory with cells kindly provided by Valerie Mezger (data not shown). However, it is important to note that the HSF2Ϫ/Ϫ MEF cells have been found to exhibit a number of characteristics of stressed cells, including nuclear localization of Hsp70 and the stress-responsive transcription factor HSF1, as well as a significantly lowered temperature threshold for induction of the stress response in these cells compared with HSF2ϩ/ϩ MEF cells (Paslaru et al 2003) . Thus, one explanation for the difference is that the stimulation of stress pathways in the HSF2Ϫ/Ϫ cells that impinge on the hsp27 and hsp90 promoters could have led to up-regulation of these genes and thereby compensated for potential effects of HSF2 loss on their expression level. Consistent with this possibility, this previous study found that levels of Hsp25 (mouse homolog of human Hsp27) were even higher in HSF2Ϫ/Ϫ than HSF2ϩ/ϩ MEF cells. Another possible explanation for the difference between the results of Hsp90 and Hsp27 level results in HSF2Ϫ/Ϫ MEFs vs HSF2 RNAi-treated cells could be that the MEF cells had adapted to the loss of HSF2 and altered other regulatory pathways to compensate for its loss. Blocking HSF2 by siRNA techniques might provide a more acute analysis of events because the cells presumably do not have as much time to compensate for the loss of HSF2. We also note that, consistent with our results with HSF2 RNAi-treated cells, a previous study did show that c-Fos expression is decreased 4.5-fold in testis cells from HSF2Ϫ/Ϫ mice compared with HSF2ϩ/ϩ mice (Wang et al 2004) , which alone could provide a potential explanation for the proliferation defect observed in MEF cells. The results of this paper suggest that HSF2 can bind to the promoters of hsp27, hsp90, and c-fos during mitosis and is important for the normal expression of these genes. Future studies could reveal a role for HSF2 in binding and regulating the expression of additional genes that participate in a variety of downstream cellular processes.
